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Monocyte-derived cultured dendritic cells (DCs) are potent antigen-presenting cells (APCs) and are susceptible to HIV-1Lai
infection. Compared to the low level of virus production by HIV-1-infected DCs alone, a level of virus two to three orders of
magnitude higher was produced by cocultivation of HIV-1-infected DCs with autologous resting CD41 T cells in the presence
of a nominal antigen. In this coculture system, direct contact of HIV-1-infected DCs with T cells was crucial for efficient virus
transmission and subsequent virus production. Blocking of the LFA-1/ICAM-1 or LFA-3/CD2 interaction between these cells
substantially reduced virus production, without influence on IL-2 production by activated T cells. In contrast, cell–cell
transmission of HIV between non-APCs and activated T cells was not blocked by an antibody against LFA-3. Since a low level
of virus production by HIV-infected DCs was upregulated by cross-linking of CD40, it was suggested that not only focal
adhesion, but also mutual activation of HIV-infected DCs and T cells through adhesion molecules, may potentiate virus
transmission and production and that such activation signals to HIV may be distinct from signals responsible for IL-2
production in activated T cells. © 1997 Academic Press
INTRODUCTION
The immunopathogenicity of human immunodefi-
ciency virus type-1 (HIV-1) infection remains largely un-
known. Although CD41 T cells are one of the targets of
HIV infection, most of the CD41 T cells in the peripheral
blood are resting and are latently infected with HIV-1
(Schnittman et al., 1989). Cellular activation is required
for such T cells to support virus replication (Bukrinsky et
al., 1991; Zack et al., 1990), which probably occurs in the
lymphoid tissues in vivo (Embretson et al., 1993; Pantaleo
et al., 1993). The lymphoid tissues are the places where
DCs migrated from a local tissue would present acquired
antigens to T cells and then activate T cells with an
antigen-specific manner (Steinman, 1991). Therefore, it is
possible that virus replication associated with immune
activation of T cells are mediated mostly by DCs.
Based on the submucosal localization of one type of
DCs, Langerhans cells (LCs), it has been postulated that
the initial targets for sexual transmission are LCs (Leh-
ner et al., 1991). Although the susceptibility of DCs to
HIV-1 infection has been questioned (Cameron et al.,
1992a,b), it may depend on the maturation stage and the
level of CD4 expression of DCs (Weissman et al., 1995).
We and others recently demonstrated the susceptibility
of DCs or LCs to HIV-1 infection in vitro (Ludewig et al.,
1995; Patterson et al., 1995; Tsunetsugu-Yokota et al.,
1995) or in vivo (McIlroy et al., 1995). A more recent study
on simian immunodeficiency virus (SIV) infection as the
model of mucosal transmission showed that initial tar-
gets of SIV infection were likely to be DCs just beneath
the epithelium and that infected cells migrated to lymph
nodes within 2 days after virus inoculation (Spira et al.,
1996). Therefore, it is highly likely that DCs, although a
minor subpopulation, play a crucial role in the initiation
and dissemination of HIV-1 infection during immune ac-
tivation in vivo.
We have demonstrated previously that virus produc-
tion by HIV-infected DCs was barely detectable within
the sensitivity of an ELISA system prepared in-house
(Tsunetsugu-Yokota et al., 1995). However, under physi-
ologic conditions of an antigen-specific immune re-
sponse, a massive amount of virus was produced from
activated T cells in the culture supernatant. This marked
virus production was antigen-dependent; in the absence
of PPD antigen, the level of virus production was 10 to 20
times less than that in the presence of the antigen.
Furthermore, treatment of DCs with zidovudine during
the process of HIV infection inhibited subsequent virus
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production by 64 to 98% (Tsunetsugu-Yokota et al., 1995).
Therefore, it was strongly suggested that the virus enters
into DCs, but is not simply held on their surface, is
transmitted to T cells, and is produced mainly by acti-
vated T cells. By use of this in vitro model system, which
mimics what is presumably occurring in the lymphoid
tissues of HIV-1 infected individuals, the importance of
direct contact of DCs and T cells and the role of adhe-
sion molecules during DC–T cell interaction in efficient
virus transmission and production of virus were investi-
gated further.
METHODS
1. Antibodies and reagents
The following mouse monoclonal antibodies (mAbs)
were used: anti-CD1a (OKT6; IgG1), anti-CD8 (OKT8;
IgG2a), anti-CD14 (3C10; IgG2b), anti-CD21 (THB-5; IgG2a),
anti-HLA-DR (L243; IgG2a), anti-LFA-1b (Ts1/18.1.2.11.4;
IgG1), anti-CD58 (LFA-3, Ts2/9.1.4.3; IgG1), anti-CD11b
(OKM-1; IgG2b), anti-CD54 (ICAM-1), anti-CD16 (3G8;
IgG1), and anti-CD64 (32.2; IgG1) mAbs. Anti-CD4 mAb
(7-4; IgG1) and anti-CD40 mAb were kindly provided by
Dr. H. Nakauchi (Tsukuba University, Tsukuba, Japan)
and Dr. H. Kikutani (Osaka University, Osaka, Japan),
respectively. PE-conjugated mAbs against CD3, CD14,
and CD20 were purchased from Becton Dickinson (Bec-
ton Dickinson and Co., Fujisawa, Japan). Purified protein
derivative (PPD) from mycobacterium tuberculosis was
obtained by courtesy of Drs. T. Kataoka and M. Kinomoto
(Department of Bacterial and Blood Products, NIID
Japan).
2. Cell preparation
Peripheral blood mononuclear cells (PBMCs) from
healthy donors were separated by Ficoll–Hypaque den-
sity gradient and enriched for CD141 cells with magnetic
anti-CD14 beads and a magnetic cell sorter (MACS,
Miltenyi Biotec, Cologne, Germany). After removal of
plastic-non-adherent cells by extensive washing, CD141
cells were cultured with RPMI 1640 supplemented with
10% fetal bovine serum (FBS), 2 mM glutamine, and
antibiotics in the presence of IL-4 (100 u/ml, Genzyme
Inc., Cambridge, MA) and GM-CSF (500 u/ml, Kirin Brew-
eries Inc., Tokyo) for 1 week as described previously
(Tsunetsugu-Yokota et al., 1995). These monocyte-de-
rived dendritic cells were stained with FITC-conjugated
anti-CD1a and PE-conjugated anti-CD3, -CD14, and
-CD20 antibodies (Becton Dickinson). Then cells with a
high FSC/SSC ratio, positive for CD1a and negative for
CD3, -14, and -20, were further purified by FACSvantage
(Becton Dickinson). The monocyte-derived DCs express
high levels of CD1a, HLA-DR, HLA-DQ, LFA-1, ICAM-1,
LFA-3, and CD40 and low to moderate levels of FcgR II
(CD32), B7-1, and B7-2 (Akagawa et al., 1996).
As autologous resting T cells, CD142 cells were kept
frozen and enriched for CD41 T cells by negative selec-
tion on the day of the experiment as described previously
(Tsunetsugu-Yokota et al., 1995). The purity of CD41 T
cells was .96% as assessed by FACScan (Becton Dick-
inson).
As a nonantigen presentinc cells (non-APCs) for cell-to-
cell virus transmission, HOS-CD4.Fusin (human osteosar-
coma) cells expressing both CD4 and CXCR4 were used
(No. 3319; obtained through AIDS Research and Reference
Reagent Program, Division of AIDS, NIAID, NIH).
3. HIV-1Lai infection and cell culture
For HIV-1Lai infection of DCs, 1 3 10
5 cpm of RT activity
was added to 1 3 106 cells, incubated for 2 h at 37°C,
and then washed thoroughly. These DCs (designated as
HIV-infected DCs throughout this article) (1 3 105 cells)
and autologous resting CD41 T cells (1 3 106 cells) in 1
ml per well were placed into 24-well culture plates.
Because of the limited numbers of purified primary DCs
or T cells, usually the individual culture was placed in
one well. To see the reproducibility, all the experiments
were repeated two to three times using cells from differ-
ent donors. These cells were cultured in the presence or
absence of IL-4 and GM-CSF and a nominal antigen,
PPD, was added to the coculture at 50 mg/ml in order to
highly activate CD41 T cells. Because most Japanese
receive BCG vaccination early in their life, a vigorous
proliferation of T cells by PPD in vitro was observed in
the presence of DCs as APCs (data not shown).
In order to study the efficiency of cell-to-cell transmis-
sion and virus production in HIV-infected DC and T-cell
coculture, the level of virus production in this coculture
system was compared with that in the coculture of un-
infected DCs and T cells, which was inoculated with
serially diluted cell-free HIV-1Lai stock. To block a direct
interaction between HIV-infected DCs and T cells, we
cultured HIV-infected DCs (0.5 3 105) in either the upper
or the lower chamber of a transwell culture plate sepa-
rated by a semipermeable membrane (Coster, Cam-
bridge, MA), always in parallel with T cells (1 3 106) and
uninfected DCs (0.5 3 105) in the presence of PPD
antigen in the lower chamber.
In order to inhibit the interaction of HIV-infected DCs
and T cells or to stimulate HIV-infected DCs, we first
incubated HIV-infected DCs with various mAbs (20
mg/ml) at room temperature for 20 min and then cocul-
tured them with CD41 T cells in the presence of PPD.
When half of the culture supernatant was replaced,
mAbs were added every time to maintain the initial
concentration. Likewise, HOS-CD4.Fusin cells were
infected with HIV-1Lai, washed thoroughly and incu-
bated with various mAbs. Purified CD41 T cells were
stimulated for 1 day with phorbol myristeric acid (PMA)
260 TSUNETSUGU-YOKOTA ET AL.
at 10 mM and ionomycin (IM) at 500 mM in RPMI 1640
supplemented with 10% FBS and IL-2 at 50 units per
ml. These activated T cells were washed and cocul-
tured with HIV-infected HOS-CD4.Fusin cells. Two
days later, T cells were separated from HOS-
CD4.Fusin cells and cultured further in the presence of
the same concentration of mAb.
4. Source and detection of HIV-1
The culture supernatant of CEM cells freshly infected
with HIV-1Lai was collected on the day when reverse
transcriptase (RT) activity was at its peak. The superna-
tant containing infectious HIV-1Lai was filtered through a
0.22-mm filter, aliquotted, and then stored at 285°C.
The level of HIV-gag p24 antigen in the culture super-
natant was measured by using either an in-house ELISA
system (Tsunetsugu-Yokota et al., 1995) or a highly sen-
sitive HIV-1 p24 ELISA kit from Coulter (Coulter Corp.,
Hialeah, FL).
5. IL-2 activity
IL-2 produced by activated T cells was measured by
use of an IL-2-dependent murine T-cell line (MTH), which
was kindly provided by Dr. Hitoshi (Institute of Medical
Science, University of Tokyo, Tokyo). In brief, 5 3 103
MTH cells in 50 ml were added to 50 ml of culture
supernatant in a 96-well flat-bottom microtiter plate
(Sumitomo Bakelite Co., Ltd., Fujisawa, Japan) in tripli-
cate, incubated for 18 h, and then pulsed with 0.5 mCi of
[3H]thymidine for 6 h. Cells were harvested onto ready
filters (Beckman Instruments Inc., Somerset, NJ), and
radioactivity was measured.
RESULTS
Stimulation of CD40 potentiated HIV-1 production in
HIV-infected DCs
DCs were infected with HIV-1Lai (10
4cpm per 105
cells) and thoroughly washed to remove unadsorbed
virus (cell-free virus in the medium was not detectable
after washing). On day 4, a low level (less than 100
pg/ml) of virus production became detectable by use
of the highly sensitive p24-gag ELISA kit (Coulter), and
this increased slightly on day 7 after infection (Fig. 1).
Cross-linking of CD40 expressed on DCs is known to
upregulate the expression of costimulatory molecules
and the secretion of various cytokines (Caux et al.,
1994; Cella et al., 1996; McLellan et al., 1996). We
therefore examined whether stimulation of DCs
through CD40 activates viral replication in HIV-in-
fected DCs. HIV-infected DCs were washed thor-
oughly, and then CD40 cross-linking was carried out
with anti-CD40 mAb at 20 mg per milliliter. In a typical
experiment, virus production in DCs was increased
two to three times by CD40 cross-linking at both day 4
and day 7. As we observed previously (Tsunetsugu-
Yokota et al., 1995), coculturing of DCs infected with
HIV-1Lai with resting T cells in the presence of PPD
antigen resulted in extremely high levels of gag-p24 in
the culture supernatant, approximately two to three
orders of magnitude above the level produced by DCs
alone. The level was further upregulated three to five
times by cross-linking of CD40. This result indicates
that a stimulatory signal from CD40 may activate HIV-1
in DCs.
Direct contact between HIV-infected DCs and T cells
is required for efficient virus transmission and
production
To assess whether infection of T cells with cell-free
HIV-1Lai could also cause remarkable virus production as
observed in the coculture of HIV-infected DCs and T
cells, we inoculated the serially diluted cell-free virus
FIG. 1. Cross-linking of CD40 upregulated HIV-1 production in HIV-
1Lai-infected DCs and in coculture of HIV-infected DCs with resting
CD41 T cells in the presence of PPD antigen. Highly purified DCs were
infected with HIV-1Lai for 2 h at 37°C, washed thoroughly, and then
cultured alone (1 3 105 cells) or cocultured with autologous resting
CD41 T cells (1 3 106 cells) plus PPD antigen at 50 mg/ml, in the
absence (blank columns) or in the presence of anti-CD40 (black col-
umns), each at 20 mg/ml. After washing of DCs, p24 antigen was
usually undetectable. The culture supernatant was collected, and the
level of virus production was measured with an HIV-1 p24 ELISA kit
from Coulter.
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into a coculture composed of uninfected DCs and T cells
in the presence of PPD antigen. As shown in Fig. 2,
prominent virus production, comparable in magnitude
and in kinetics to that produced in HIV-infected DCs and
T cell coculture (closed circle), was detected by inocu-
lation of cell-free virus with 1000 cpm of RT activity (open
circle) into the coculture, but not by that of cell-free virus
with 100 cpm of RT activity (open square). According to
our standardization, 100 cpm of RT activity was equiva-
lent to 100 pg of p24-gag antigen (data not shown). Since
HIV-infected DCs (initially undetectable cell-free virus in
the supernatant) can produce virus at most equivalent to
100 cpm of RT activity during culture for 7 days (see Fig.
1), we can assume that, even if 100 pg of virus is pro-
duced by HIV-infected DCs at the initiation of DC–T-cell
coculture, this amount of cell-free virus infection would
not result in as prominent a virus production as in the
coculture of T cells and DCs infected with HIV-1 in the
presence of antigen.
To investigate further whether direct contact between
HIV-infected DC and T cells is important for efficient virus
transmission and production, we added HIV-infected
DCs (5 3 104) either into an upper chamber of a transwell
plate separated by a 5-mm pore-size membrane from a
lower chamber or into a lower chamber. In the lower
chamber, 1 3 106 CD41 T cells and 0.5 3 105 uninfected
DCs were always plated in the presence of PPD antigen.
A representative result is shown in Fig. 2B. Inoculation of
cell-free virus (1000 cpm) into either the upper or the
lower chamber caused a comparable level of virus pro-
duction in DC–T cell coculture plated in the lower cham-
ber (Fig. 2B, left two columns), suggesting that cell-free
virion is able to penetrate freely through the transmem-
brane. In contrast, when HIV-infected DCs were sepa-
rated by a transmembrane from CD41 T cells activated
by uninfected DCs, the level of virus production at day 7
after cultivation was reduced approximately 50 times
below that in the culture of CD41 T cells in direct contact
with HIV-infected DCs. The number of DCs as antigen-
presenting cells at 0.5 3 105 (uninfected DCs only) or 1 3
105 (HIV-infected and uninfected DCs) did not affect
the level of T-cell activation significantly (data not
shown). Taken together, these results indicate that
direct contact of HIV-infected DCs with T cells upon
activation by antigen is crucial for efficient virus trans-
mission and production.
FIG. 2. Infection of T cells by HIV-1Lai-infected DCs is more efficient than cell-free virus infection. (A) The kinetics of virus production in the coculture
of HIV-infected DCs and CD41 T cells as described under Materials and Methods was compared with that in the coculture of uninfected DCs and
T cells, which is inoculated with serially diluted cell-free HIV-1Lai stock. The level of HIV-gag p24 was determined at day 7. The representative result
of three experiments with reproducibility was shown. (B) HIV-infected and washed DCs (0.5 3 105) were cultured in either the upper or the lower
chamber of a transwell culture plate separated by a semipermeable membrane. In the lower chamber, T cells (1 3 106) and uninfected DCs (0.5 3
105) were always cultured in the presence of PPD antigen. For comparison, cell-free virus was inoculated into the lower chamber, where T cells and
uninfected DCs were cultured in the presence of PPD antigen as above or into upper chamber separated from DC–T cell coculture by the membrane.
The representative result of three experiments was shown. Because of the limitation of the number of purified cells available, each column usually
represent the level of p24 antigen at day 7 in one well of 1 ml culture. The result of duplicate cultures were consistent as small error bars shown
in the right two columns.
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Interaction of DCs and T cells via adhesion molecules
is important for efficient virus production
Optimal T-cell activation requires not only the pro-
cessed antigenic peptide on MHC molecules, but also
costimulatory signals provided by antigen-presenting
cells (reviewed in (Mueller et al., 1989)). The monocyte-
derived DCs express a variety of cell adhesion mole-
cules, including LFA-1 (CD11a/CD18), ICAM-1 (CD54),
LFA-3 (CD58), B7-1 (CD80), B7-2 (CD86), and CD40 (Aka-
gawa et al., 1996; Fagnoni et al., 1995; Sallusto and
Lanzavecchia, 1994), which deliver costimulatory signals
into T cells as well as mediating antigen-dependent or
antigen-independent DC–T-cell conjugate formation
(Hauss et al., 1995). Therefore, the roles of some of the
adhesion molecules in virus transmission from HIV-in-
fected DCs to T cells and subsequent massive virus
production in activated T cells were evaluated.
We first incubated HIV-1-infected DCs for 20 min with
an excess amount of mAb (20 mg/ml) against CD4, HLA-
DR, LFA-1, ICAM-1, LFA-3, or CD64 (FcgR I) as a control,
and we cocultured them with T cells in the presence of
PPD. Five days after culture in the continuous presence
of each mAb, the level of p24 gag antigen in the culture
supernatant was determined by ELISA. The results
based on 2 to 3 experiments are summarized in Fig. 3.
Virus production in the culture was significantly dimin-
ished by anti-CD4, anti-HLA-DR, anti-ICAM-1, anti-LFA-1,
or anti-LFA-3 mAb, but not by anti-CD64 mAb. The block-
ing effect of anti-HLA-DR or anti-CD4 on virus production
may reflect the inhibition of T-cell activation through PPD
antigen presentation by DCs. The potent inhibition of
virus production by anti-CD4 mAb may also reflect the
blocking effect of this antibody on HIV-1 entry via CD4.
The blocking effect of anti-ICAM-1, anti-LFA-1, or anti-
LFA-3 suggests that DC–T-cell interaction through the
ICAM-1/LFA-1 or LFA-3/CD2 pathways plays an impor-
tant role in the initial virus transmission to T cells and,
probably, in the subsequent activation of virus-infected T
cells.
Disparity of virus production and IL-2 production in
DC–T cell coculture by blocking interaction of
adhesion molecules
Because anti-LFA-1 or anti-LFA-3 mAbs showed a po-
tent inhibitory effect on virus production, we investigated
whether this inhibitory effect coincided with the inhibition
of the T-cell activation process. To analyze the effect of
these antibodies on both virus production and T-cell
activation, we cocultured HIV-infected DCs and T cells in
the absence of IL-4 and GM-CSF, which fully support the
survival of monocyte-derived DCs in culture. In the ab-
sence of these cytokines, a relatively low, but still signif-
icant amount of virus was produced in the coculture of
HIV-infected DCs and T cells upon stimulation with PPD
(Tsunetsugu-Yokota et al., 1995). Virus production in the
culture supernatant was estimated at day 7 postinfec-
tion, and IL-2 production was measured at day 1 as an
early indicator of T-cell activation.
Representative result of 2 to 3 experiments are shown
in Fig. 4. Addition of either anti-LFA-1 or anti-LFA-3 mAb
into the coculture diminished virus production substan-
tially (Fig. 4A), but did not affect IL-2 production by acti-
vated T cells (Fig. 4B). Addition of two mAbs in combi-
nation abrogated the virus production almost entirely;
this was accompanied by a prominent inhibition of IL-2
production by T cells. Such a synergistic effect by anti-
LFA-1 and anti-LFA-3 mAbs on T-cell activation is well
known and indicates redundant or complementary func-
tions of these adhesion molecules (Teunissen et al.,
1994; Thomas et al., 1993). Large DC–T cell conjugates
formed during coculture for 3 days were markedly inhib-
ited only by the combination of anti-LFA-1 and anti-LFA-3
mAbs, although earlier small clusters containing a few
cells were still visible (Fig. 4C). This observation indi-
cates that the small DC–T-cell cluster formation is suffi-
cient for virus transmission, but that the large conjugates
formed later on may help to enhance T cell activation
further, which results in rapid expansion of HIV.
LFA-1 but not LFA-3 is required during transmission
and expansion of HIV-1 in coculture of non-APC and
activated T cells
Whether interactions of LFA-1/ICAM-1 and LFA-3/CD2
are also important in other types of cell-to-cell transmis-
sion and expansion of HIV-1 was assessed. HOS-
FIG. 3. Blocking antibody against adhesion molecules inhibits virus
production in coculture of HIV-1Lai-infected DCs and T cells stimulated
with PPD antigen. DCs infected with HIV-1Lai and washed were first
incubated with various mAbs (20 mg/ml) at room temperature for 20 min
and then cocultured with CD41 T cells in the presence of PPD. Half of
the culture supernatant was replaced every 2 days, and mAbs were
added to maintain the initial concentration in each well. The level of
virus production without mAb was considered to be 100%. The sum-
mary of two to three experiments at day 5 were shown. Each dot
represents an individual experiment and the average of each dot was
depicted as a column.
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FIG. 4. Blocking effect of anti-LFA-1 and anti-LFA-3 mAbs on virus production and on IL-2 production in HIV-infected DC–T-cell coculture stimulated
with PPD. (A) HIV-infected DCs were treated with anti-LFA-1, anti-LFA-3, or in combination as described in the legend of Fig. 3, and cocultured with
CD41 T cells in the presence of PPD. The culture supernatants at day 7 were collected, and the amount of p24 antigen was measured by ELISA. The
level of virus production in the control culture without mAb was considered to be 100%. The representative result of two experiments with
reproducibility was shown. (B) The level of IL-2 produced by activated T cells on day 1 in the culture supernatant of experiment shown in (A) was
determined by use of an IL-2-dependent murine T-cell line, MTH. Proliferation of MTH cells was measured as described under Materials and Methods.
The bar indicates the standard deviation of the [3H]thymidine uptake in triplicate cultures. (C) HIV-1Lai-infected DCs cocultured with CD4
1 T cells
stimulated with PPD in the presence of anti-LFA-3 mAb (left) or anti-LFA-1 and anti-LFA-3 mAbs in combination (right) were observed under the
microscope at 3 days after cultivation (310).
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CD4.Fusin cells were infected with HIV-1Lai, washed
thoroughly, and cocultured with activated CD41 T cells.
In this system, activation of CD41 T cells before cocul-
ture is necessary because, unlike DCs, osteosarcoma-
derived HOS-CD4.Fusin cells are not antigen-presenting
cells. HOS-CD4.Fusin cells express LFA-3 but not LFA-1
or MHC class II (data not shown). After coculture for 2
days, CD41 T cells were separated from HIV-1-infected
HOS-CD4.Fusin cells and cultured for a further 12 days
with these antibodies continuously present. The level of
virus production in the activated T cells was extremely
low compared to T cells cocultured with HIV-infected
DCs (peak value approximately 800 pg per ml). It was
interesting to note that, as shown in Fig. 5A, only anti-
LFA-1 could block HIV-1 production by a substantial level
despite the fact that HOS-CD4.Fusin cells do not express
LFA-1. Anti-LFA-1 mAb also inhibited large conjugates of
activated T cells while anti-LFA-3 mAb did not (Fig. 5B). A
similar result was obtained using HeLa-CD4 as HIV-
infected non-APC (data not shown). These data indicate
that LFA-1 is not important for transmission from HOS-
CD4.Fusin cells to activated T cells, but for expansion of
the virus among activated T cells.
DISCUSSION
When HIV-infected DCs contact resting T cells upon
antigen stimulation in vitro, which presumably happens
frequently in lymphoid tissue, HIV-1 would be transmitted
from DCs to T cells, resulting in massive virus expansion
(Tsunetsugu-Yokota et al., 1995). A similar scenario was
also described by Weissman et al., (1996). Our previous
study indicated that the virus entering into DCs, but not
simply held on their surface, is largely responsible for
efficient virus transmission to T cells and massive virus
production by activated T cells (Tsunetsugu-Yokota et al.,
1995). We showed in the current study that a small
amount of virus production was detectable by a highly
sensitive ELISA system, and that stimulation via CD40 on
HIV-infected DCs increased the level of virus production
approximately three times above the level of that without
appropriate stimulation, probably through activation of
NF-kB binding factor in DCs as described in cross-
linking of CD40 on B cells (Lalmanach-Girard et al.,
1993). In fact, we observed increased activity of DNA
binding factor on the NF-kB site of HIV-1 LTR through
CD40 cross-linking of DCs (Y. Tsunetsugu-Yokota, unpub-
lished observation). This result not only supports our
previous finding that HIV-1 does enter into DCs, but also
indicates that appropriate activation signals to DC
through interaction with T cells may enhance virus pro-
duction in HIV-infected DCs. In our system, stimulation of
CD40 during DC–T-cell coculture further increased the
level of virus production. Because CD40L is expressed
when T cells are activated (Armitage et al., 1992; Noelle
et al., 1992), it is possible that CD40/CD40L interaction
plays some role in virus production during expansion
of HIV in activated T cells as described by others
(Pinchuk et al., 1994). However, further study is neces-
sary for clarification of the precise role of CD40/CD40L
interaction in virus production in our DC–T cell coculture
system.
It has been reported that exogenously added HIV-1
was expanded during conjugate formation of primary
LCs and memory T cells, where virions were confined to
heterologous syncytia induced by the virus (Pope et al.,
1994). Their results suggested that cell fusion between
HIV-infected LCs and T cells is an important factor for
efficient virus production. In the early phase of HIV-1
infection in our culture system, at days 3 or 5 after
cultivation, when numerous buddings of HIV-1 virions
from activated T cells were already visible, we observed
a tightly attached membrane structure of DCs and T
cells, but no obvious cell fusion in the DC–T-cell cluster
by thin-section electron microscopy (Tsunetsugu-Yokota,
unpublished observation). Therefore, cell fusion is not
likely to be essential for efficient virus transmission and
production in the early phase of HIV-1 infection de-
scribed here. A close membrane association of DCs and
T cells may induce cytoskeleton-mediated focal virus
budding, as observed in a model system of cell-to-cell
infection (Pearce-Pratt et al., 1994), and such focal bud-
ding may help to preserve the stability of the virions
(Dimitrov et al., 1993).
Upon antigen recognition of T cells in the context of
MHC molecules of APC, adhesion is strengthened fur-
ther by ICAM-1/LFA-1 and LFA-3/CD2 interactions,
whereas the interaction between B7 and CD28 is thought
to be critical during a later stage of T-cell activation and
for sustaining the proliferation of antigen-primed T cells
(Damle et al., 1992). Furthermore, it is known that the
expression of the IL-2 gene is not tightly associated with
the LFA-3/CD2 pathway, but is regulated exclusively by a
signal from B7/CD28 (Parra et al., 1994). Therefore, our
results showing that the inhibition of ICAM-1/LFA-1 or
LFA-3/CD2 interaction reduced virus production without
affecting IL-2 production is consistent with their findings.
Using PBMC derived from an HIV-infected donor, Diegel
et al., reported that the inhibition of ICAM-1/LFA-1 or
LFA-3/CD2 interaction resulted in a significant reduction
of HIV production in a culture stimulated with superan-
tigen or anti-CD3 mAb, without affecting T-cell prolifera-
tion (Diegel et al., 1993). Because B7/CD28 interaction
between DCs and T cells is crucial for sustaining T-cell
proliferation by producing IL-2, it is predictable that
blocking of the B7/CD28 interaction may affect virus
production in association with the inhibition of IL-2 pro-
duction. In fact, Diegel et al., (1993) observed that exog-
enous addition of IL-2 abrogated the inhibitory effect on
virus production by anti-B7 or anti-CD28 mAbs.
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FIG. 5. Blocking effect of anti-LFA-1 and anti-LFA-3 mAbs on virus production in the coculture of HIV-infected HOS-CD4.Fusin and activated T cells.
(A) HOS-CD4.Fusin cells were infected with HIV-1Lai, washed thoroughly, and untreated or treated with mAbs against LFA-1b, LFA-3, LFA-1b plus
LFA-3, or CD64 at 20 mg/ml each. Purified CD41 T cells were activated by PMA and IM for 1 day, washed, and cocultured with HIV-infected
HOS-CD4.Fusin cells. Two days after the coculture, T cells were separated from HOS-CD4.Fusin cells and cultured further in the presence of each
mAb. The level of p24 antigen was determined at day 14 and expressed as percentage production as described in the legend of Fig. 4A. The
representative result of two experiments were shown. (B) The effect of mAbs against these adhesion molecules on activated T-cell conjugates.
Purified CD41 T cells were activated by PMA and IM in the presence of mAbs as in (A). The culture was observed at day 3 under the microscope,
and photographed (320). The typical activated T-cell conjugates were observed in the presence of anti-LFA-3 or anti-CD64 mAb (left). In contrast the
presence of anti-LFA-1b mAb markedly reduced the size of T-cell conjugates (middle and right).
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We demonstrated in this study that direct contact be-
tween HIV-infected DCs and T cells upon antigen stim-
ulation was crucial for efficient virus transmission and
prominent virus production during T-cell activation in
vitro. Interaction through costimulatory molecules such
as ICAM-1/LFA-1 or LFA-3/CD2 could be responsible for
efficient virus transmission by enforcing focal adhesion
of DCs and T cells. Furthermore, the finding that activa-
tion of DCs by cross-linking of CD40 molecules was able
to increase virus production of DCs also suggested that
mutual activation of HIV-infected DCs and T cells through
ICAM-1/LFA-1 or LFA-3/CD2 interaction might play an
important role in this enhanced virus production. Trans-
mission and expansion of HIV-1 mediated by DC–T cell
interaction is unique in the following aspects: (1) virus
activation is coupled to T cell activation, (2) high and
efficient virus production compared to virus transmission
from non-APC to activated T cells, (3) DC–T cell adhesion
especially through LFA-3/CD2 interaction may be impor-
tant for virus transmission. Because mAb against LFA-1
inhibited virus production in activated T cells coculture
with HIV-1-infected HOS-CD4.Fusin or HeLa-CD4 cells,
both of which do not express LFA-1, it is highly likely that
LFA-1 plays a role mainly for expansion of the virus
among T cells.
Thus, both focal adhesion and subsequent mutual
activation signal(s) delivered through LFA-1/ICAM and
LFA-3/CD2 interactions could be crucial for efficient virus
transmission and maximum virus production during di-
rect interaction between HIV-infected DCs and T cells.
The exact nature of activation signal(s) for HIV-1 through
LFA-1/ICAM and LFA-3/CD2 interactions between DCs
and T cells, which is not necessarily accompanied by a
signal for T cells to induce IL-2 production, remains to be
elucidated.
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